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Orientation-Selective Retinal Circuits
in Vertebrates
Paride Antinucci1† and Robert Hindges1,2*
1 Centre for Developmental Neurobiology, King’s College London, London, United Kingdom, 2 MRC Centre for
Neurodevelopmental Disorders, King’s College London, London, United Kingdom
Visual information is already processed in the retina before it is transmitted to higher
visual centers in the brain. This includes the extraction of salient features from visual
scenes, such as motion directionality or contrast, through neurons belonging to
distinct neural circuits. Some retinal neurons are tuned to the orientation of elongated
visual stimuli. Such ‘orientation-selective’ neurons are present in the retinae of most,
if not all, vertebrate species analyzed to date, with species-specific differences in
frequency and degree of tuning. In some cases, orientation-selective neurons have
very stereotyped functional and morphological properties suggesting that they represent
distinct cell types. In this review, we describe the retinal cell types underlying orientation
selectivity found in various vertebrate species, and highlight their commonalities and
differences. In addition, we discuss recent studies that revealed the cellular, synaptic
and circuit mechanisms at the basis of retinal orientation selectivity. Finally, we outline
the significance of these findings in shaping our current understanding of how this
fundamental neural computation is implemented in the visual systems of vertebrates.
Keywords: orientation selectivity, retinal ganglion cell, amacrine cell, mouse, rabbit, primate, cat, zebrafish
INTRODUCTION
The retina is our window to the visual world. Visual scenes are highly processed by the retina
before visual information, encoded in the coordinated firing of different types of retinal ganglion
cells (RGCs), is transmitted to the brain through the optic nerve (Gollisch and Meister, 2010;
Sanes and Masland, 2015). These different RGC types form functionally distinct ‘visual channels’
dedicated to the transmission of specific features present in the visual scene, such as directional
motion, contrast, object size, or color. Recent studies that systematically classified RGCs according
to their functional responses to visual stimuli and/or morphological properties indicate that there
are around 20–30 of such visual channels (Helmstaedter et al., 2013; Robles et al., 2014; Baden et al.,
2016; Bae et al., unpublished). Here, we will focus on one such channel in the retina, orientation
selectivity.
Orientation selectivity was first discovered in cat primary visual cortex more than 50 years
ago by Hubel and Wiesel (1962). They described it as the selectivity of neuronal firing for
elongated visual stimuli oriented along a specific axis in the visual field (or preferred orientation),
and suppression of firing when stimuli are oriented orthogonally to the preferred axis (or
orthogonal orientation; see Figure 1 for details on quantification of orientation selectivity). Shortly
afterward, Maturana and Frenk (1963) and Levick (1967) identified orientation-selective ganglion
cells (OSGCs) in the pigeon and rabbit retinae, respectively, suggesting that orientation-specific
information is already evident in the output neurons of the retina (Figure 2). Since then,
orientation-selective cells have been described in many vertebrate and invertebrate visual systems,
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FIGURE 1 | Metrics to quantify orientation selectivity in neural responses. (A) Tuning curves of neural responses to oriented visual stimuli. The color coding indicates
different levels of orientation selectivity, from low (yellow) to high (magenta). The preferred orientation angle (θpreferred) corresponds to the angle of the stimulus eliciting
maximal responses. The orthogonal orientation angle (θorthogonal) corresponds to angles of stimuli oriented ± 90◦ relative to the preferred orientation angle.
(B) Response profiles to oriented visual stimuli corresponding to the tuning curves represented in (A). The orientation and direction of movement of square-wave
gratings with 30◦ angular distance steps are indicated around. (C) Metrics typically used to quantify orientation selectivity in neural responses: orientation selectivity
index (OSI; left), and vector length in orientation space (Lori also known as 1 – circular variance; right). Quantification of orientation selectivity for the responses in
(A,B) is reported in the middle. Note that the two metrics have different sensitivities to tuned firing. The OSI consists in the difference between responses to preferred,
R(θpref), and orthogonal, R(θorth), stimuli divided by their sum. On the other hand, Lori takes as input responses to all orientation angles, R(θk), in order to calculate the
mean vector length in orientation space (k ranges from 0◦ to 180◦). See Mazurek et al. (2014) for detailed descriptions and comparisons of the two metrics.
including primates (Hubel and Wiesel, 1968), rodents (Niell and
Stryker, 2008), fish (Nikolaou et al., 2012), and insects (Fisher
et al., 2015). One of the reasons why orientation selectivity
is so widely present across nervous systems and generated so
early in visual processing likely lies in the fact that naturalistic
visual scenes can be efficiently described by local, oriented filters
with defined spatial structures (Olshausen and Field, 1996; Bell
and Sejnowski, 1997; Simoncelli and Olshausen, 2001). The idea
that orientation selectivity constitutes a fundamental feature of
visual processing is reinforced by the fact that, as an artificial
convolutional neural network learns an image classification task,
the kernels/filters of its initial layer(s) typically become tuned to
edge orientation (Krizhevsky et al., 2012; LeCun et al., 2015).
Furthermore, face and object recognition in primates relies on the
ability to identify, combine and relate oriented visual elements
(Brincat and Connor, 2004; Dakin and Watt, 2009; Chang and
Tsao, 2017).
Given the prominent role orientation selectivity plays in
visual processing and perception, it is crucial to dissect
how it emerges along the visual pathway, starting from the
retina. Furthermore, comparing how this fundamental neural
computation is implemented in different visual systems can
provide us with important insights on how its underlying neural
circuits could have evolved. In this review, we will start by
reporting and comparing the orientation-selective cell types
found in the retinae of various vertebrate species. We will then
review the proposed mechanisms underlying retinal orientation
selectivity at cellular and circuit levels. Finally, we will touch
upon the contribution orientation selectivity generated within
the retina might have to subsequent stages of visual processing
occurring in higher brain areas.
ORIENTATION-SELECTIVE CELL TYPES
IN THE RETINA
After the initial discovery of orientation-selective cells in the
retinae of pigeon (Maturana and Frenk, 1963) and rabbit (Levick,
1967), retinal orientation selectivity has since been reported in
a multitude of other vertebrate species. These include macaque
(Passaglia et al., 2002), cat (Levick and Thibos, 1980, 1982;
Shou et al., 1995), mouse (Zhao et al., 2013; Chen et al., 2014;
Pearson and Kerschensteiner, 2015; Baden et al., 2016; Nath and
Schwartz, 2016, 2017), turtle (Sernagor and Grzywacz, 1995),
goldfish (Damjanovic et al., 2009; Damjanovic et al., 2012;
Johnston et al., 2014; Johnston and Lagnado, 2015), and zebrafish
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FIGURE 2 | First studies describing orientation-selective ganglion cells in
vertebrate retinae. (A) Discovery of horizontally tuned OSGCs in the pigeon
retina by Maturana and Frenk (1963). In A (right side), the firing of a pigeon
OSGC in response to a horizontal bar moving downward (D) or upward (U) is
represented. As shown in B, C and D, the same cell does not respond to a
vertically oriented bar moving leftward or rightward (B), nor to a horizontal bar
presented over the receptive field surround (C), or to a small spot moving over
the receptive field center (D). Image taken from Maturana and Frenk (1963)
with permission. (B) Characterization of OSGCs in the rabbit retina by Levick
(1967). Spiking responses of an OSGC to light or dark bars with different
orientations moving across the receptive field center. The mapping of the
receptive field center is also represented at the center of the schematic. The
‘+’ symbol indicates responses to a stationary spot at light ON; ‘–’, at light
OFF; ‘ ± ’, at both light ON and OFF; ‘o’, no response detected. The traces
show the spiking responses elicited by the bars (upper trace; number of
spikes is reported after each response) and the output of a photomultiplier
focused on the receptive field (lower trace; an upward deflection indicates light
increase). Note that only horizontally oriented bars elicited responses.
A, Anterior; S, superior. Image taken from Levick (1967) with permission.
(Nikolaou et al., 2012; Antinucci et al., 2013, 2016b; Lowe et al.,
2013). The study of orientation selectivity in the vertebrate retina
has been pioneered in the rabbit, where (i) both orientation-
selective amacrine cells (Bloomfield, 1991, 1994; Murphy-Baum
and Taylor, 2015) and OSGCs (Levick, 1967; Amthor et al., 1989;
Bloomfield, 1994; Venkataramani and Taylor, 2010, 2016) were
initially found, (ii) the first pharmacological experiments were
performed (Caldwell et al., 1978; Venkataramani and Taylor,
2010), and (iii) it was established that orientation and direction
selectivity emerge through distinct mechanisms (He et al., 1998).
In this section, we will describe the morphological and functional
characteristics of OSGCs and orientation-selective amacrine cells
from the various vertebrate species listed above (see Table 1 for a
summary).
Orientation-Selective Ganglion Cells
The vertebrate species in which OSGCs have been best
characterized are rabbit and mouse (see Figure 3 for the most
comprehensively described OSGC types). In rabbit, only OSGC
types tuned to stimuli oriented along the cardinal axes of the
visual field (i.e., horizontal and vertical) have been found (Levick,
1967; Caldwell et al., 1978; Amthor et al., 1989; Bloomfield, 1994;
Venkataramani and Taylor, 2010, 2016). On the other hand, cells
tuned to cardinal (Nath and Schwartz, 2016, 2017) as well as
oblique orientations (Baden et al., 2016) have been identified
in mouse. In general, it appears that among the vertebrate
species where OSGCs have been described, cells tuned to cardinal
orientations are always present, whereas OSGCs tuned to oblique
orientations have been reported only in mouse (Baden et al.,
2016), cat (Levick and Thibos, 1980, 1982; Thibos and Levick,
1985; Shou et al., 1995), macaque (Passaglia et al., 2002), and
zebrafish (Nikolaou et al., 2012; Lowe et al., 2013; Antinucci et al.,
2016b).
In regard to the response polarity of OSGCs, ON (i.e.,
responses to light onset), OFF (i.e., responses to light offset),
and ON-OFF (i.e., responses to both light onset and offset) cell
types were found across vertebrates. In rabbit, most studies seem
to show that the response polarity of OSGCs is either ON or
OFF (Caldwell et al., 1978; Bloomfield, 1994; Venkataramani and
Taylor, 2010, 2016). However, Levick (1967) and Amthor et al.
(1989) also reported a few OSGCs with an ON-OFF receptive
field center (see Figure 2B, for example). In mouse, OSGCs
with all types of response polarity have been identified (Baden
et al., 2016; Nath and Schwartz, 2016, 2017). ON-OFF OSGCs
typically possess a bistratified dendritic arbor across vertebrate
species (Amthor et al., 1989; Antinucci et al., 2016b; Baden et al.,
2016). Yet, OSGCs with ON or OFF receptive field centers do
not always show monostratified dendritic arbors residing in the
corresponding lamina of the inner plexiform layer (IPL). For
example, in mouse, the dendrites of ON OSGCs consistently
stratify in two IPL laminae (Baden et al., 2016; Nath and Schwartz,
2016), one directly above OFF starburst amacrine cell (SAC)
neurites and the other just below the ON SAC lamina (Figure 3A,
left). Similarly, OFF OSGCs with bistratified dendritic arbors
were also found, but only in the rabbit retina (Amthor et al.,
1989; Bloomfield, 1994). The planar dendritic morphology of
OSGCs has been thoroughly analyzed only in rabbit and mouse
(Figure 3B). For most cell types characterized, the planar shape
of OSGC dendritic arborisations does not appear to be elongated
(Amthor et al., 1989; Bloomfield, 1994; Venkataramani and
Taylor, 2010; Baden et al., 2016; Nath and Schwartz, 2016, 2017).
However, ON horizontal OSGCs in both species are an exception
(Nath and Schwartz, 2016; Venkataramani and Taylor, 2016).
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FIGURE 3 | Morphological and physiological features of orientation-selective retinal ganglion cells in mouse and rabbit. Schematic summarizing the morphological
(A,B) and physiological (C) properties of ON and OFF OSGCs in mouse (Nath and Schwartz, 2016, 2017) and rabbit (Venkataramani and Taylor, 2010, 2016).
Dendritic stratification (A) in the inner plexiform layer (IPL), and planar dendritic field profiles (B) of OSGCs are displayed. Dark gray lines in the IPL indicate ON and
OFF choline acetyltransferase (ChAT)-labeled strata corresponding to ON and OFF starburst amacrine cell (SAC) neurites, respectively. The IPL dendritic stratification
of rabbit OFF OSGCs is represented with dashed lines because it was not explicitly described by Venkataramani and Taylor (2010), but other studies have reported
both mono- and bistratified OFF OSGCs in rabbit (see Table 1). (C) Response profiles of OSGC spiking (top), excitatory inputs (middle), and inhibitory inputs
(bottom). Dashed lines of excitatory and inhibitory inputs response profiles in rabbit OSGCs indicate estimated profiles from responses recorded only during preferred
and orthogonal orientation stimulation. In mouse OFF OSGCs, the tuned response profiles of gap junction-mediated electrical inputs are indicated (dashed box)
instead of excitatory inputs from chemical synapses. INL, inner nuclear layer; GCL, ganglion cell layer. Diagram modified and expanded from Antinucci et al. (2016a)
with permission.
Their dendritic arbors are highly elongated along the horizontal
axis of the retina (Figure 3B). Interestingly, the orientation of
the dendritic arbor elongation coincides with their preferred
stimulus orientation (i.e., horizontally oriented; Figure 3C). This
morphological feature of ON horizontal OSGCs, that appears to
be conserved in two different vertebrate species, could potentially
contribute to their selective firing (see below for detailed
discussions on the mechanisms underlying the orientation tuning
of this OSGC type). A link between the orientation bias found
among most cat RGCs and the elongation of their dendritic fields
and receptive field centers has also been suggested (Hammond,
1974; Levick and Thibos, 1980, 1982; Leventhal and Schall, 1983)
(see below for a more detailed discussion).
Orientation-Selective Amacrine Cells
The only vertebrate species in which orientation-selective
amacrine cell types have been described are rabbit (Bloomfield,
1991, 1994; Murphy-Baum and Taylor, 2015), zebrafish
(Antinucci et al., 2016b), and mouse (Nath and Schwartz,
2017). In the rabbit retina, three orientation-selective amacrine
cell classes have been found. Bloomfield (1991, 1994) has
characterized two classes of amacrine cells showing tuning for
cardinal orientations. One group comprises wide-field amacrine
cells with long, radially extending neurites that were termed
‘orientation-selective,’ since orientation tuning appears to arise
through an asymmetric inhibitory mechanism (Figure 4A,
left). The second group consists of medium-field amacrine cells
with highly elongated dendritic arbors that were classified as
‘orientation-biased’ (Figure 4A, right). The preferred orientation
of the latter cells coincides with the orientation of their dendritic
field and they do not seem to receive asymmetric inhibitory
inputs (see below for a detailed discussion on the mechanisms
underlying orientation tuning of this amacrine cell type). For
both ‘orientation-selective’ and ‘orientation-biased’ amacrine
cell classes, Bloomfield (1991, 1994) reported ON as well as OFF
types, which all have monostratified dendritic arbors extending
along the central lamina of the IPL.
Murphy-Baum and Taylor (2015) characterized a third class
of orientation-tuned amacrine cells in the rabbit retina. This class
consists of a well-defined type of polyaxonal, wide-field amacrine
cells with ON response polarity and cell bodies displaced in the
ganglion cell layer. They are consistently tuned to horizontally
oriented visual stimuli and, like the ‘orientation-biased’ amacrine
cells described by Bloomfield (1991, 1994), their dendritic arbor
is highly elongated along the preferred orientation axis (i.e., the
major axis of their dendritic field extends horizontally). However,
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FIGURE 4 | Orientation-tuned amacrine cells in rabbit and zebrafish. (A) Planar dendritic morphology of the two classes of orientation-tuned amacrine cells found in
the rabbit retina by Bloomfield (1991, 1994). ‘Orientation-selective’ amacrine cells have a circular dendritic field (left). ‘Orientation-biased’ amacrine cells are
characterized by a highly elongated dendritic field (right). Schematic representations of the corresponding receptive fields are overlaid on top of the dendritic arbors.
‘+’ and ‘–’ symbols indicate excitatory and inhibitory inputs, respectively. Images taken from Bloomfield (1994) with permission. (B) Planar dendritic morphology of
the two types of orientation-tuned amacrine cells found in the larval zebrafish retina by Antinucci et al. (2016b). Note the high degree of dendritic elongation similar to
that observed in rabbit ‘orientation-biased’ amacrine cells. The color coding of neurites indicates the different IPL laminae they are located. Black and magenta lines
indicate neurites in OFF and ON laminae, respectively. Images taken from Antinucci et al. (2016b) with permission.
unlike ‘orientation-biased’ amacrine cells, these polyaxonal
amacrine cells show a bistratified arrangement of their neurites
in the IPL. Specifically, their dendrites stratify just above the OFF
SAC lamina, as well as in the IPL lamina between ON and OFF
SAC neurites, whereas their axons narrowly extend just above the
ON SAC lamina.
Antinucci et al. (2016b) found two types of orientation-tuned
amacrine cells in the larval zebrafish retina (Figure 4B). These
amacrine cell types are characterized by highly elongated
dendritic fields with orientations that match their preferred
stimulus orientations. Cardinal and oblique orientation
preferences are represented in both types. However, they differ
in terms of their dendritic stratification pattern in the IPL:
one type has a monostratified dendritic arbor extending in
the OFF lamina just below the inner nuclear layer border
(Figure 4B, left), whereas the other type shows a bistratified
dendritic arbor with an additional branching in the ON portion
of the IPL (Figure 4B, right). The high planar elongation of
their dendritic arbors is homologous to that found in rabbit
‘orientation-biased’ (Bloomfield, 1991, 1994) and polyaxonal
amacrine cells (Murphy-Baum and Taylor, 2015), indicating
a conserved morphological property of orientation-tuned
amacrine cells. Recently, this morphological feature has also been
found in some mouse OFF orientation-selective amacrine cells
with monostratified dendritic trees (Nath and Schwartz, 2017).
MECHANISMS UNDERLYING RETINAL
ORIENTATION SELECTIVITY
What are the neural bases underlying orientation selectivity in
the cell types described above? In studies that first reported
orientation selectivity in RGCs (Maturana and Frenk, 1963;
Levick, 1967), it was proposed that this visual property likely
emerges from an asymmetric interaction between excitatory
and inhibitory inputs converging onto RGCs, given the strong
suppression of firing during stimulation with the non-preferred,
orthogonal orientation (Figure 2). Subsequent studies that
revealed the presence of orientation-selective amacrine cells
indicated possible origins of this differential firing (Bloomfield,
1991, 1994; Murphy-Baum and Taylor, 2015; Antinucci et al.,
2016b; Nath and Schwartz, 2017). In this section, we will explore
the various morphological and synaptic mechanisms reported
to contribute to orientation selectivity in RGCs, amacrine and
bipolar cells. In some species, there has been sufficient progress to
start outlining potential wiring diagrams of orientation-selective
retinal circuits, which take us closer to answering the question:
Where does orientation selectivity first emerge in the retina?
Morphological Mechanisms
In the quest of finding the neural origins of orientation
selectivity in the retina, several studies have tried to find links
between morphological features and selective firing in response
to elongated visual stimuli. The morphology of the dendritic
arbor, for example, has been shown to affect the selectivity for
oriented stimuli in various cell types and vertebrate species.
As pointed out above, in some orientation-selective cells with
elongated dendritic arbors, there is a strong correlation between
the orientation of the dendritic field and the preferred stimulus
orientation. Key examples are the orientation-tuned amacrine
cell types with highly elongated dendritic arbors found in rabbit,
mouse and zebrafish retinae (Figure 4) (Bloomfield, 1991, 1994;
Murphy-Baum and Taylor, 2015; Antinucci et al., 2016b; Nath
and Schwartz, 2017).
Bloomfield (1991, 1994) reported a population of amacrine
cells in the rabbit retina with highly elongated dendritic fields
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oriented along the horizontal and vertical axes of the retina.
As mentioned before, he defined these cells as ‘orientation-
biased’ since their firing selectivity seemed to arise exclusively
from the excitatory inputs received along the major axis of their
dendritic arbor (Figure 4A, right). During orthogonal orientation
stimulation, these cells still show spiking responses, albeit with
lower amplitude than responses to the preferred orientation. In
addition, no inhibitory currents were observed during preferred
or orthogonal orientation stimulations, indicating the absence
of a mechanism involving an antagonistic surround. Together
with the fact that these amacrine cells’ elongated receptive and
dendritic fields have the same orientation and are comparable
in size, these findings strongly suggest that the architecture
of their dendritic arbors provide the structural basis for their
elongated receptive fields. This in turn underlies their preference
for oriented stimuli that maximally cover the center receptive
field area. Essentially, the orientation selectivity of these cells can
be explained on anatomical grounds alone without the need of
any interplay between excitatory and inhibitory inputs.
Another example of orientation-selective amacrine cells
whose firing selectivity can be explained by morphological
properties of the dendritic arbor are the polyaxonal, wide-field
amacrine cells identified by Murphy-Baum and Taylor (2015) in
rabbit. These displaced ON-type amacrine cells have bistratified
dendritic arbors that exhibit a consistent elongation along the
horizontal axis of the retina, which in the rabbit retina coincides
with the orientation of the visual streak (i.e., the retinal area
with the highest visual acuity). The shape of their receptive
field closely matches the spatial extent and orientation of their
dendritic field. Moreover, stimulation with light bars showed
that the orientation tuning of both their spiking output and
excitatory currents strongly correlates with the orientation of
their dendritic field elongation axis. Inhibitory currents, on the
other side, are weakly tuned to the preferred orientation and
therefore do not enhance the tuning of their spiking output. Like
the cells described by Bloomfield (1991, 1994), the orientation
selectivity of these polyaxonal amacrine cells is primarily due
to the arrangement of excitatory inputs onto their elongated
dendritic arbor. It is worth mentioning that, in addition to
this morphological mechanism, the responses of these cells also
depend on the stimulus structure (i.e., its spatial frequency).
Briefly, a quasi-linear summation of contrast in the receptive field
center, which is mediated by modulation of tonic ON excitatory
inputs and crossover OFF inhibitory inputs, sharpens their
orientation selectivity by differentially suppressing responses to
orthogonal versus preferred orientation gratings according to
the stimulus spatial frequency. This results in suppression of
responses to high spatial frequencies and increased sensitivity
to stimuli with a spatial frequency matching the width of their
receptive field minor axis (Murphy-Baum and Taylor, 2015).
In the larval zebrafish retina, orientation-selective amacrine
cell types with highly elongated dendritic fields were described
by Antinucci et al. (2016b). These amacrine cells release gamma-
aminobutyric acid (GABA) and comprise two types that possess
either monostratified or bistratified dendritic arbors (Figure 4B).
Calcium imaging of these cells in the intact retina followed
by structural analyses of their morphology revealed that their
preferred stimulus orientation coincides with the orientation of
their dendritic field major axis. Electrophysiological recordings
to isolate synaptic inputs were not performed in these cells.
However, the fact that the degree of orientation tuning (i.e.,
their orientation selectivity index, OSI, Figure 1C) is directly
proportional to the magnitude of their dendritic arbor elongation
(i.e., the more elongated the dendrites, the higher the OSI),
suggests that their response profile likely depends on how much a
given stimulus is capable of exciting their receptive field center.
In addition to cardinal orientations preference, like the rabbit
amacrine cells described above, some of these cells are also
selective to obliquely oriented stimuli. This is a feature that,
among the few orientation-selective amacrine cell types described
in vertebrates to date, has been observed only in the zebrafish
retina and is in line with the presence of OSGCs tuned to oblique
stimuli in the larval zebrafish retina (Lowe et al., 2013; Antinucci
et al., 2016b).
In mouse, the OFF orientation-selective amacrine cells
recently found by Nath and Schwartz (2017) have highly
elongated, vertically oriented dendritic arbors. Like in rabbit
and zebrafish, their orientation preference coincides with the
orientation of their dendritic tree. Crucially, they co-stratify their
dendrites with those of OFF vertically tuned OSGCs in the IPL
lamina just above the OFF SAC lamina. In addition, Nath and
Schwartz (2017) showed that these amacrine cells are electrically
coupled to OFF vertically tuned OSGCs through connexin 36-
mediated gap junctions, which makes them primary candidates
for imparting orientation selectivity to postsynaptic OFF OSGCs.
Is dendritic morphology a key feature for orientation
selectivity also in RGCs? Among rabbit and mouse OSGCs,
only ON horizontally selective OSGCs have been reported to
display an asymmetric, elongated dendritic arbor (Nath and
Schwartz, 2016; Venkataramani and Taylor, 2016). In particular,
their dendritic field is oriented along the horizontal axis of the
retina and coincides with their preferred stimulus orientation
(Figure 3B). This property is unlikely the only factor contributing
to their orientation tuning since these cells also receive
stereotyped and highly tuned excitatory and inhibitory inputs
(Figure 3C, see below). Strikingly, the extent to which dendritic
morphology contributes to their orientation selectivity differs in
the two species. In rabbit, blocking GABAergic inputs completely
abolishes orientation-selective spiking (see below), strongly
suggesting that inhibition is the key mechanism underlying their
tuning (Venkataramani and Taylor, 2016). However, in mouse,
dendritic structure appears to have an important function since
pharmacologically blocking all inhibitory inputs received by these
cells does not affect the tuning of their firing or their excitatory
currents. Thus, their orientation tuning presumably arises from
the asymmetric integration of excitatory inputs as a consequence
of their elongated dendritic arbor (Nath and Schwartz, 2016).
In the cat retina, the orientation bias found among the vast
majority (∼60–70%) of RGCs (Levick and Thibos, 1980, 1982;
Thibos and Levick, 1985) appears to be linked to dendritic field
elongation as well as location within the retina (Leventhal and
Schall, 1983). Specifically, the distributions of preferred stimulus
orientation and dendritic arbor elongation across the retina
seem to match, namely in both cases the major axis of both
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the preferred stimulus and dendritic field is oriented radially
with respect to the area centralis of the retina. Following this
observation, together with the report that most cat RGCs have
an elliptical receptive field center (Hammond, 1974), it has been
suggested that the sensitivity of cat RGCs to orientation is likely
a consequence of their elongated dendritic fields (Leventhal and
Schall, 1983; Peichl and Wassle, 1983).
Among the various factors that determine the selective firing
of retinal cells, morphological features are probably the hardest
in which a causal link to specific functional properties can be
experimentally established. This is mainly because we still have
a limited understanding of how dendritic structures are shaped
and, consequently, lack tools to manipulate the morphology of
individual cell types in a targeted way. The findings presented
above show correlational observations between dendritic arbor
elongation and orientation tuning. In most cases, the correlations
are strong and consistent with physiological data. However,
only experiments designed to selectively alter dendritic field
morphology and directly observe the functional consequences in
neuronal firing will be able to determine whether morphology is
the primary cause of orientation-selective responses in the cell
types described above.
Synaptic Mechanisms
We have seen that morphological features are likely at the
basis of orientation selectivity in certain retinal cell types and
that cell morphology appears to have a stronger role in some
vertebrate species than in others. In cell types where morphology
is not a key contributor to selective firing, orientation tuning
probably results from the integration of asymmetric synaptic
inputs from amacrine and bipolar cells. As mentioned above, the
first hints that asymmetric inputs play a crucial role in generating
orientation-selective firing came from early studies that revealed
the presence of OSGCs in the retina (Maturana and Frenk, 1963;
Levick, 1967). Levick (1967), for example, observed that when
rabbit OSGCs are stimulated with orthogonally oriented bars of
progressively longer length, their firing stops when the bar length
reaches a certain critical value. He interpreted this result as an
inhibitory effect from an asymmetric receptive field surround
and suggested that along the axis of selectivity the antagonistic
surround of OSGCs is effectively incomplete. Analogous results,
again in rabbit OSGCs, were also reported by Bloomfield (1994)
who observed a strong membrane potential hyperpolarisation
in response to orthogonally oriented bars that was directly
proportional to stimulus length.
Evidence that inhibition from amacrine cells is necessary
for orientation selectivity in rabbit OSGCs came from
pharmacological experiments in which different inhibitory
receptors where selectively blocked (see Table 2 for a summary).
Caldwell et al. (1978) found that blocking GABAA receptors
through picrotoxin completely abolishes orientation-selective
firing in both ON and OFF-type OSGCs, whereas using
strychnine to block glycine receptors did not produce such
an effect. These initial observations were further corroborated
through a series of elegant studies carried out by Venkataramani
and Taylor (2010, 2016), who demonstrated that GABAergic
amacrine cells act through GABAA receptor-mediated
mechanisms to generate the orientation-selective firing of
rabbit OSGCs. This research group systematically recorded the
effects of various pharmacological manipulations on excitatory
and inhibitory inputs received by different types of rabbit OSGCs,
specifically ON horizontal, OFF horizontal and OFF vertical
OSGCs. Interestingly, they found not only that GABAA receptor
blockade causes different effects depending on the OSGC type
under study, but also revealed that glycinergic amacrine cells as
well contribute to the tuning of some OSGCs (see Table 2 and
below).
A homologous role of GABAergic inhibition through
amacrine cells has been found in the larval zebrafish retina
(Antinucci et al., 2016b). Pharmacologically blocking GABAA
receptors using picrotoxin dramatically reduced the fraction of
orientation-selective responses recorded from RGCs through
calcium imaging. In this study, the authors were also able to
optogenetically ablate genetically defined GABAergic amacrine
cells that show orientation tuning (Figure 4B and description
above) and examine the functional consequences. Strikingly, the
complete ablation of this class of orientation-selective amacrine
cells produced an impairment in OSGC responses equivalent
to the one produced by blocking GABAergic inhibition.
Importantly, this result in zebrafish provides the first direct
indication that inhibitory orientation-selective amacrine cells are
crucial circuit elements necessary to generate orientation tuning
in RGCs. The current evidence in rabbit points in the same
direction and future experiments will likely elucidate to what
extent orientation-selective amacrine cells play the same role in
the rabbit retina.
If OSGCs indeed receive inhibitory inputs from orientation-
selective amacrine cells, this should be evident in the tuning
of synaptic currents recorded from their soma during visual
stimulation. Recent studies in rabbit and mouse performed
whole-cell voltage clamp recordings in OSGCs to isolate their
excitatory and inhibitory currents (Venkataramani and Taylor,
2010; Antinucci et al., 2016a; Nath and Schwartz, 2016;
Venkataramani and Taylor, 2016; Nath and Schwartz, 2017).
Strikingly, both rabbit and mouse OSGCs receive synaptic inputs
with highly stereotypical tuning profiles (Figure 3C). Specifically,
in all OSGC types the excitatory currents are tuned to the
cell’s preferred orientation. Inhibitory currents are tuned to the
orthogonal orientation (i.e., 90◦ angular distance) in mouse
horizontal ON OSGCs and all rabbit ON and OFF OSGC types.
On the other hand, vertical ON OSGCs and both OFF OSGC
types in mouse receive inhibitory inputs that are not tuned to
orientation (Figure 3C).
How are these tuned inputs generated? In mouse, individually
blocking either GABAA or glycine receptors did not produce
any significant change in the orientation tuning of excitatory
or inhibitory inputs received by ON OSGCs, suggesting that
there is a substantial level of redundancy among GABAergic
and glycinergic mechanisms (Nath and Schwartz, 2016).
Blocking both receptor types simultaneously completely
abolished inhibitory currents but, surprisingly, did not affect
the tuning of excitatory inputs, which thus must arise through
inhibition-independent mechanisms. In rabbit, by contrast,
pharmacologically blocking GABAA receptors dramatically
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reduced the orientation tuning of both excitatory and inhibitory
inputs in all OSGC types studied (Venkataramani and Taylor,
2010, 2016). Interestingly, the pharmacological blocks in
rabbit revealed cell type-specific differences in how the tuning
of synaptic currents is generated (Table 2). In particular,
OFF vertical OSGCs are normally disinhibited exclusively
during preferred orientation stimulation but, upon GABAergic
inhibition block, are also disinhibited when orthogonal
stimuli are presented. OFF horizontal OSGCs receive strong
inhibitory currents exclusively during orthogonal stimulation,
but completely lose this inhibition when GABAA receptors are
blocked. Finally, ON horizontal OSGCs receive larger inhibitory
currents during orthogonal stimulation but, after blocking GABA
inhibition, receive inhibitory currents of similar amplitude also
in response to preferred stimuli. In all three rabbit OSGC types
studied, GABA blockade results in increased excitatory currents
received during orthogonal stimulation and, consequently,
reduced tuning of excitatory inputs.
These pharmacological experiments in rabbit also uncovered
the role played by glycinergic amacrine cells in generating the
tuned synaptic inputs received by OSGCs. Even though an
early study reported that glycine-mediated inhibition is not
strictly required for the orientation-selective firing of rabbit
OSGCs (Caldwell et al., 1978), Venkataramani and Taylor
(2010, 2016) clearly demonstrated that glycinergic amacrine
cells are part of the orientation-selective circuits in the rabbit
retina, and that their precise role varies between different
orientation-selective circuits. OFF vertical OSGCs, for example,
receive direct synaptic inputs from a tonically active glycinergic
amacrine cell tuned to orthogonally oriented stimuli. This
orientation-selective glycinergic amacrine cell is responsible for
the large disinhibition received by OFF vertical OSGCs during
preferred stimulation because, upon glycine receptors block,
this disinhibition is completely lost (Venkataramani and Taylor,
2010). Also ON horizontal OSGCs seem to receive direct inputs
from an orientation-selective glycinergic amacrine cell tuned
to orthogonal stimuli (Venkataramani and Taylor, 2016). The
authors did not block glycine receptors in the latter study, but
could conclude that the tuning of this amacrine cell results
from orientation-selective inhibition provided by an upstream
GABAergic amacrine cell tuned to preferred orientation, since
blocking GABAA receptors does not reduce the amplitude
of inhibitory currents received by ON horizontal OSGCs but
abolishes the orientation tuning of the currents.
The electrophysiological, pharmacological and ablation
experiments described above indicate that, at least in rabbit and
zebrafish, synaptic inhibition from amacrine cells plays a crucial
role in generating OSGC tuning. In rabbit, orientation-selective
inhibition from amacrine cells appears to modulate the tuning
of OSGCs, as well as amacrine cells and bipolar cell presynaptic
terminals. The pharmacological results in the rabbit retina
suggest that, in some cases, orientation-selective amacrine cells
provide direct inhibitory inputs to bipolar cell presynaptic
terminals (Venkataramani and Taylor, 2010). Whether this is
actually the case is still open to investigation. However, some
indirect evidence consistent with this idea comes from the larval
zebrafish, where the distribution of orientation preferences
among orientation-tuned bipolar cell terminals is anti-correlated
with that observed in orientation-selective amacrine cells, but
correlated with the distribution of OSGCs (Antinucci et al.,
2016b).
A recent study in the mouse retina revealed additional
heterogeneity among OSGC types (Nath and Schwartz, 2017).
The authors showed that mouse OFF OSGCs acquire their tuning
by being electrically coupled to orientation-selective amacrine
cells. In OFF vertical OSGCs, the coupled amacrine cells have
highly elongated, vertically oriented dendritic branches that form
electrical synapses with OFF vertical OSGCs through connexin
36-mediated gap junctions. By blocking gap junction-mediated
signaling using meclofenamic acid (bath applied) or quinine
(intracellular), Nath and Schwartz (2017) demonstrated that
these electrical synapses are necessary to produce tuned currents
and orientation-selective firing in OFF OSGCs (Figure 3C and
Table 2), therefore uncovering a novel mechanisms underlying
orientation selectivity in OSGCs.
The findings presented above allowed researchers to
outline working models of the circuit architectures underlying
orientation selectivity in the vertebrate retina. Venkataramani
and Taylor (2010, 2016), Antinucci et al. (2016b), and Nath and
Schwartz (2017) proposed circuit diagrams for rabbit, zebrafish
and mouse orientation-selective retinal circuits, respectively.
Figure 5 summarizes their models showing the wiring of
bipolar (green) and amacrine (blue) cells upstream of OSGCs
(red; Figure 5A), as well as their respective tuning profiles in
response to oriented visual stimuli (Figure 5B). In addition,
the neurotransmitter identity of amacrine cell types is also
displayed. The whole-cell electrophysiological recordings and
pharmacological experiments performed in rabbit and mouse
allowed to reveal the synaptic wiring heterogeneity present across
different OSGC types (Venkataramani and Taylor, 2010, 2016;
Nath and Schwartz, 2017). In contrast, the calcium imaging data
in zebrafish did not allow to uncover these details, but outlined
the functional connectivity pattern of the orientation-selective
retinal circuit in this species (Antinucci et al., 2016b). A unifying
feature that appears to be present in all models across the three
species is that an orientation-selective amacrine cell type (AC1
in Figure 5) is consistently at the origin of orientation selectivity
in all tuned neurons of the circuit and, ultimately, OSGCs.
Among the orientation-selective amacrine cell types found to
date, the most likely candidates for the role of AC1 are: in rabbit,
the orientation-biased amacrine cells discovered by Bloomfield
(1991, 1994) (Figure 4A, right), and the orientation-selective
displaced polyaxonal amacrine cells described by Murphy-
Baum and Taylor (2015); in mouse, the orientation-selective
amacrine cells with vertically oriented dendritic trees reported
by Nath and Schwartz (2017); in zebrafish, the two types of
orientation-selective amacrine cells found by Antinucci et al.
(2016b) (Figure 4B). In all these amacrine cell types, orientation
tuning seems to be a direct consequence of their highly elongated
dendritic fields, and does not appear to be generated by
upstream inhibitory mechanisms, as explained above. Thus,
their morphological properties make them key cellular substrates
underlying the emergence of retinal orientation selectivity.
Whether these orientation-selective amacrine cells types found
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FIGURE 5 | Working models of orientation-selective retinal circuits in vertebrate retinae. (A) Proposed circuit diagrams underlying the firing selectivity of different
OSGC types in rabbit (left), mouse (middle), and zebrafish (right). Photoreceptors are represented in yellow; bipolar cells (BCs) in green; amacrine cells (ACs) in blue;
and ganglion cells (GCs) in red. Cell numbering is used to relate each cell type with the corresponding tuning profile shown in (B) below. Excitatory synapses are
indicated by ‘+’ symbols (full circles), whereas inhibitory synapses are indicated by ‘–’ (empty circles). Electrical synapses between mouse OFF orientation-selective
amacrine cells (AC1) and OFF OSGCs are indicated by the jagged line. Potential but speculative connectivity between AC1 and BC terminals in larval zebrafish is
represented by the dashed blue line. (B) Response profiles of the cell types represented in A to oriented visual stimuli. ‘+’ and ‘–’ symbols indicate along which axes
excitatory (+, green) and inhibitory (–, blue) inputs contribute to the tuning of each cell type. The neurotransmitter identities of the various amacrine cell types are also
reported (question marks indicate predicted neurotransmitter identities). GABA, gamma-aminobutyric acid. Tonic inputs are specified in small gray writings. Unless
specifically indicated in small gray writings, the response polarity of the various cell types is the same as that of the respective downstream OSGC. In rabbit and
zebrafish circuits, orientation selectivity is proposed to originate from orientation-selective GABAergic amacrine cells (AC1), which subsequently generate tuned
responses in downstream amacrine, bipolar and/or ganglion cells through inhibitory synapses. In the mouse OFF circuit, AC1 amacrine cells convey orientation
selectivity to OFF OSGCs by electrical coupling through gap junctions. Rabbit ON horizontal OSGCs possess two horizontally oriented flanking subfields generated
by tonically active amacrine cells (AC3), which are predicted to invert the ON pathway signal by disinhibiting center bipolar cells (BC1) and, therefore, render negative
contrast stimuli in the flanking subfields excitatory (dashed box).
in rabbit, mouse and zebrafish are also present in other vertebrate
species is still open to investigation.
IMPLICATIONS FOR VISUAL
PROCESSING IN HIGHER BRAIN
CENTERS
The studies discussed above clearly show that the vertebrate
retina is well equipped to generate orientation selectivity.
To what extent OSGCs do contribute to orientation-selective
firing in higher visual areas is still an open question and a
field of intense research. In this context, the classic textbook
view that in ‘evolutionary younger’ vertebrates, like mammals,
the retinal output largely consists of a simple, pixel-by-pixel
representation of the visual scene is challenged. It is now clear
that, across vertebrate species, there is a high degree of pre-
processing of visual information in the early visual system
(Masland and Martin, 2007; Gollisch and Meister, 2010; Niell,
2013). There is no sharp separation between evolutionary older
vertebrate visual systems with ‘smart’ retinae producing complex
feature selectivity, versus evolutionary younger ones with ‘dull’
retinae performing elementary computations. Even though each
vertebrate group exhibits unique characteristics in terms of
cell type physiology, morphology, frequency and visual system
architecture, it seems that there are fundamental functional
properties (with orientation selectivity among them) that are
generated very early during visual processing and appear to be
almost ubiquitously present across vertebrate retinae. As pointed
out before, it is currently unknown how the output of OSGCs
is integrated by neurons downstream of the retina. However,
recent studies indicate that the representation of orientation-
specific information is highly distributed throughout the early
visual system, with processing likely occurring at each main level
of the visual pathway.
To give some key examples in mammals: cells with high
orientation selectivity have been found in the lateral geniculate
nucleus (LGN) of mice (Marshel et al., 2012; Piscopo et al., 2013;
Scholl et al., 2013; Zhao et al., 2013; Suresh et al., 2016) and
monkeys (Smith et al., 1990; Cheong et al., 2013). Orientation
bias was reported in cat LGN neurons (Vidyasagar and Urbas,
1982; Soodak et al., 1987; Scholl et al., 2013; Vidyasagar et al.,
2015) and, intriguingly, orientation-selective responses were also
observed in human LGN using functional magnetic resonance
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imaging (Ling et al., 2015). In mice, inactivating the visual
cortex does not affect orientation tuning in the LGN indicating
that cortical feedback is not the source of LGN orientation
selectivity (Scholl et al., 2013; Zhao et al., 2013). Intracellular
in vivo recordings also revealed that mouse orientation-selective
LGN neurons receive orientation-tuned excitatory inputs from
the retina, pointing toward a retinal contribution from OSGCs
(Suresh et al., 2016). But do LGN neurons send tuned inputs to
primary visual cortex (V1)? There is now unequivocal evidence
that the mouse LGN provides orientation-tuned presynaptic
inputs to V1 (Cruz-Martin et al., 2014; Kondo and Ohki,
2016; Sun et al., 2016), and that presynaptic boutons with high
orientation selectivity might constitute as much as half of the
thalamic inputs in layer 4 (Sun et al., 2016) [but also see (Lien
and Scanziani, 2013) and (Kondo and Ohki, 2016)].
Orientation selectivity was also found in the main
retinorecipient structure of the mouse brain, the superior
colliculus (SC) (Wang et al., 2010; Ahmadlou and Heimel,
2015; Feinberg and Meister, 2015). Like in the LGN, cortical
lesions or optogenetic silencing of V1 do not affect the tuning of
orientation-selective neurons in the mouse SC, excluding a role
for tuned feedback from the cortex (Wang et al., 2010; Ahmadlou
and Heimel, 2015). Strikingly, these orientation-selective
neurons form columns with similar orientation preference across
the depth of the SC superficial layers (Ahmadlou and Heimel,
2015; Feinberg and Meister, 2015). Ahmadlou and Heimel (2015)
also showed that orientation preferences of orientation-selective
collicular neurons are arranged in a pinwheel-like fashion with
the preferred orientation being consistently tangential to the
concentric circle around the center of vision. This implies that,
unlike the representation of preferred orientations found in V1,
not all orientations are equally represented across all visual field
locations in the mouse SC.
What could be the advantages of setting up orientation
selectivity early in the visual system? In all vertebrates studied,
the retina provides a coarse representation of oriented visual
elements with 2–4 subpopulations of OSGCs tuned to vertical,
horizontal and oblique axes (see Table 1). One possibility is that
these basic orientations might be used by some downstream cells
as building blocks for generating a fine-scale representation in
which all orientations are present, like in V1 (Hubel and Wiesel,
1963, 1974; Ohki et al., 2006) and SC (Ahmadlou and Heimel,
2015; Feinberg and Meister, 2015). How fine-scale orientation
tuning emerges in V1 is still highly debated, and likely relies on
multiple neural mechanisms (Sompolinsky and Shapley, 1997;
Ferster and Miller, 2000; Priebe and Ferster, 2012; Vidyasagar and
Eysel, 2015; Priebe, 2016). To what extent orientation selectivity
in SC and LGN is computed locally or inherited from the retina
is currently unknown. However, there is mounting evidence
that orientation-selective neurons in the LGN and superior
colliculus/optic tectum probably integrate tuned inputs from
OSGCs (Hunter et al., 2013; Zhao et al., 2013; Ahmadlou and
Heimel, 2015; Suresh et al., 2016). It is reasonable to speculate
that retinal orientation selectivity contributes, at least partially, to
the encoding of oriented stimuli in higher visual centers. Another
potential advantage of having orientation selectivity already in
the retina is that orientation-selective retinal outputs can be used
by various retinorecipient visual nuclei in parallel. In this way, the
same orientation-specific information could subserve multiple
functions, such as image formation or gaze control, coordinated
by different neural centers.
What experimental strategies could be used to elucidate
whether orientation selectivity from the retina plays a role in
subsequent stages of visual processing? A first step would be to
find the brain targets of OSGC axonal projections (Kim et al.,
2008; Huberman et al., 2009; Robles et al., 2014; Martersteck
et al., 2017). Also, an important step would be to characterize
the functional properties of RGCs labeled by retrograde trans-
synaptic circuit tracing from retinorecipient areas that show
orientation tuning (Cruz-Martin et al., 2014; Rompani et al.,
2017). Another powerful strategy would be to disrupt retinal
orientation selectivity through cellular ablations or genetic
approaches followed by assessments of orientation tuning in
retinal brain targets. This approach has been recently used to
dissect the contribution of retinal direction selectivity to motion
processing in mouse V1 (Hillier et al., 2017). A molecular marker
to label orientation-selective cells in the retina or a genetic
strategy to impair retinal orientation selectivity in a targeted
manner would greatly help to address these questions. To date,
molecular markers associated with retinal orientation-selective
cells have been only found in larval zebrafish (Antinucci et al.,
2013, 2016b) and mouse (Nath and Schwartz, 2017). In zebrafish,
targeted deletion of the gene encoding the transmembrane
protein Teneurin-3, expressed in subsets of RGCs and amacrine
cells, impairs the development of orientation selectivity in
RGCs (Antinucci et al., 2013, 2016b). Moreover, amacrine cells
transgenically labeled by a Teneurin-3-specific bacterial artificial
chromosome (BAC) show orientation tuning and are required for
RGC orientation selectivity (Antinucci et al., 2016b). In mouse,
Nath and Schwartz (2017) found that RGCs expressing the
adhesion molecule JAM-B (labeled in the JAM-B BAC transgenic
line) correspond to the OFF vertically tuned OSGCs. Intriguingly,
these cells have been previously shown to be direction-selective
in response to small moving spots (Kim et al., 2008). Therefore,
this suggests that JAM-B RGCs can be either direction- or
orientation-selective depending on the spatial characteristics
of the visual stimulus (i.e., moving spots or drifting gratings,
respectively). Since JAM-B RGCs send axonal projections to
the LGN and SC (Kim et al., 2008), it is reasonable to
conclude that OFF vertical OSGCs provide orientation-selective
information to these two visual areas. Whether the link between
retinal orientation selectivity and these molecular markers (i.e.,
Teneurin-3 and JAM-B) is conserved across vertebrate species is
a matter of ongoing investigations.
CONCLUSION
We have explored the different orientation-selective cell
types found in vertebrate retinae. We have described their
morphological and functional characteristics, as well as the
mechanisms underlying their tuned firing. For some orientation-
selective cell types, there appear to be strong similarities between
different species. Like, for example, the orientation-tuned
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amacrine cells with highly elongated dendritic arbors observed
in rabbit (Bloomfield, 1991, 1994), mouse (Nath and Schwartz,
2017), and zebrafish (Antinucci et al., 2016b) (Figure 4).
In some cases, homologous cell types in different species
have very similar morphological, functional and physiological
characteristics, like the ON horizontal OSGCs described in
mouse (Nath and Schwartz, 2016) and rabbit (Venkataramani
and Taylor, 2016), but show fundamentally different synaptic
mechanisms underlying their orientation tuning (Figure 3 and
Table 2). This is not surprising given that there are species-
specific anatomical features (e.g., eye size) that constrain the
way certain computations can be implemented in retinal circuits
(Ding et al., 2016; Euler and Baden, 2016).
We also stressed that the contribution of orientation-selective
retinal outputs to subsequent stages of visual processing has to
be taken into account to understand how orientation selectivity
emerges along the vertebrate visual system. Notably, OSGCs
constitute a substantial fraction of the whole retinal output. To
give some examples, they are∼15% in mouse (Baden et al., 2016),
∼5–11% in rabbit (Levick, 1967; Venkataramani and Taylor,
2010, 2016), and ∼10% in larval zebrafish (Lowe et al., 2013;
Antinucci et al., 2016b). Given the steadily growing interest in
retinal orientation selectivity, future studies will surely reveal
the precise role OSGCs play in visual processing, as well as the
presynaptic cell types and mechanisms in the retina underlying
their selective firing. We think that it is crucial to address these
questions in different vertebrate species not only to have a better
grasp of how neural circuits underlying the same functional task
may have evolved, but also to understand how unique anatomical
and physiological constrains can influence the implementation of
a fundamental neural computation like orientation selectivity in
different animals.
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